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Abs t r ac t  
-- 
The experiments t o  eva lua t e  r e a c t i v i t y  c o e f f i c i e n t s  wi th  r e a c t o r  opera- 
t i n g  a t  s t e a d y  s t a t e  cond i t i ons  a r e  desc r ibcd .  
Three r e a c t i v i t y  c o e f f i c i e n t s  a r e  de f ined  
( i )  t h e  g l o b a l  power c o e f f i c i e n t ,  G ,  r e f e r r e d  t o  t h e  r e a c t o r  
power 
( i i )  t h e  g l o b a l  coo l an t  temperature  c o e f f i c i e n t ,  y ,  r e f e r r e d  
t o  t h e  average coo l an t  temperature  
( i i i )  t he  secondary r a d i a l  expansion temperature  c o e f f i c i e n t ,  yr ,  
r e f e r r e d  t o  t he  coo l an t  temperature  r i s e  i n  t h e  r e a c t o r .  
Each c o e f f i c i e n t  is measured by a  s e p a r a t e  experiment i n  which t h e  r eac -  
t i v i t y  e f f e c t s  due t o  t h e  o t h e r  two a r e  made equal  t o  Zero. 
The e r r o r  a n a l y s i s  is developed with numerical  examples r e f e r r e d  t o  the  
Southwest Experimental  F a s t  Oxide Reactor (SEFOR). 
With t h e  aim o f  minimizing t h e  t o t a l  e r r o r ,  a t t e n t i o n  i s  g iven  t o  t h e  
cho ice  of t he  b e s t  power i n t e r v a l  f o r  t h e  measurement of t he  g l o b a l  
power c o e f f i c i e n t .  
The c o n t r o l  phylosophy of the  r e a c t o r  System dur ing  t h e  experiments i c  
a l s o  s t ud i ed .  ( I - C ,  4 / 
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I n t roduc t i on  
One of t h e  most important  s a f e t y  f e a t u r e s  of f a s t  power r e h c t o r s  a r i s e s  
from nega t i ve  r e a c t i v i t y  temperature  and power c o e f f i c i e n t s .  Therefoke 
t h e  exper imenta l  eva lua t i on  of r e a c t i v i t y  c o e f f i c i e n t s  and i ts  dependence 
on t h e  va r i ous  r e a c t o r  parameters  a r e  e s s e n t i a l .  Besides  t h e  p o s s i b i l i -  
t i e s  t o  measure exper imenta l ly  r e a c t i v i t y  c o e f f i c i e n t s  by dynamic methods, 
t h e  dete+minat ion can be performed by t h e  so  c a l l e d  " S t a t i c  Experiments1'. 
With t h e  " S t a t i c  Experiments1', t h e  power and t h e  temperature  c o e f f i c i e n t s  
a r e  determined by means of r e a c t i v i t y ,  power and temperature  measurements 
c a r r i e d  out  a t  s t e ady  s t a t e  cond i t ions .  The experiments desc r ibed  i n  t h i s  
paper w i l l  be c a r r i e d  out  on t h e  SEFOR ( ~ o u t h w e s t  Experimental  Fa s t  Oxide 
Reactor  - Bibl .1)  and r e f e r s  i n  some p a r t i c u l a r  p o i n t s  t o  t h i s  r e a c t o r .  
However, a p p l i c a b i l i t y  t o  o t h e r  r e a c t o r s  i s  pos s ib l e ,  The au tho r s  (Bib l .  6 )  
have shown t h a t  Doppler r e a c t i v i t y  e f f e c t s  i n  a core  can be analyzed i n  
terms of P/nH (Power/number of f u e l  r ods  X rod he igh t )  and t h a t  t h e  
r a d i u s  of t h e  f u e l  rod does no t  e n t e r  d i r e c t l y .  Thus, one can examine t h e  
Doppler e f f e c t  i n  a  h igh  power r e a c t o r  wi th  a  l a r g e  number of smal l  r a d i u s  
f u e l  r o d s  by doing experiments i n  a low power r e a c t o r  l i k e  SEFOR wi th  a 
small number of l a r g e  r a d i u s  f u e l  rods .  
The r e a c t i v i t y  changes w i th  r e a c t o r  temperatures  a r e  manily due t o  t h e  
fo l lowing  causes :  
a )  Changes of f u e l  temperatures ,  T 
These gene ra t e  a change i n  r e a c t i v i t y  due t o  t h e  Doppler e f f e c t  and t o  
t h e  f u e l  expansion, Th i s  second e f f e c t  i s  l e s s  important  because of t h e  
smal l  expansion c o e f f i c i e n t  of oxide m a t e r i a l s  and because of t h e  
s p e c i a l  c o n s t r u c t i o n  of t h e  SEFOR f u e l  element. 
b )  Changes of c l add ing  temperatures ,  Tc 
These gene ra t e  v a r i a t i o n s  i n  t h e  neu t ron  l eakage ,  which i n  t u r n  produce 
a change i n  r e a c t i v i t y .  I n  t h e  SEFOR case  t h e  r e a c t i v i t y  e f f e c t  due t o  
t h e  c ladd ing  expansion may be  cons idered  as dependent on t h e  coo lan t  
t empera tu res ,  0, s i n c e  c l add ing  and coo l an t  t empera tu res  d i f f e r  only 
s l i g h t l y  . 
C )  Changes of coo l an t  t empera tu res ,  8 
These gene ra t e  v a r i a t i o n s  i n  t h e  neu t ron  leakage and i n  t3.e n e u t ~ o r  
moderation and abso rp t i on  of Sodium, which i n  t u r n  pioduces  a c1:ac;c 
i n  r e a c t i v i t y .  
d)  Changes of r e a c t o r  s t r u c t u r e  tempe.ratures 
These changes gene ra t e  mainly v a r i a t i o n s  i n  t h e  r a d i a l  dimensions of 
t h e  r e a c t o r  and t h e r e f o r e  i n  the  neu t ron  leakage and i n  t k e  SodFun 
q u a n t i t y  p r e s e n t  i n  t h e  core .  The temperature of r e a c t o r  co r e  skrlic-- 
t u r e s  depends on t he  primary coo l an t  r e a c t o r  i n l e t  and o u t l e t  teape-  
r a t u r e s  (Bi and B o l .  I n  t h e  fo l lowing  pages we s h a l l  cons ider  t h i s  
r e a c t i v i t y  e f f e c t  due t o  co r e  expansion as dependent on t h e  zverc.Gv 
coo l an t  temperature 6 and t h e  primary coo l an t  temperature  r i s e ,  Br. 
From the se  observa t ions  we can conclude t h a t  i t  is p o s s i b l e  t o  cons ider  
t he  r e a c t i v i t y  e f f e c t s  as dependent mahly on t h e  t h r e e  fo l lowing  para-  
meters  
( i )  An e f f e c t i v e  va lue  of f u e l  temperature ,  Teff (Appendix 1) 
- 
( i i )  The average primary coo l an t  t empera tu re ,  6 = (9  +ei)/2 0 
( i i i )  The primary coo l an t  temperature  r i s e ,  er = €3 o -Bie 
I n  o rder  t o  a d j u s t  t he se  t h r e e  parameters  we have t h r e e  independent 
v a r i a b l e s ,  namely t h e  r e a c t i v i t y ,  Ak, t h e  primary coo l an t  f low P ,  and 
t h e  secondary coo l an t  f low,  Y. Bi depends mainly on V,  whereas P and Ak 
in f l uence  s t r o n g l y  both Teff and t h e  Sodium o u t l e t  temperature  eo. 
6 depends d i r e c t l y  on B and Bi and i t  is t h e r e f o r e  t h e o r e t i c a l l y  p o s s i b l e  
0 
t o  a d j u s t v ,  and Ak i n  such a  way t h a t  on ly  one of t h e  t h r e e  para-  
meters  T 
e f f '  5 and Br changes whereas t h e  two o t h e r s  a r e  k e p t  cons t an t .  
Th is  should g ive  a  p o s s i b i l i t y  t o  measure t he  va r i ous  temperature  coef-  
f i c i e n t s  s e p a r a t e l y .  
The o u t l e t  temperature e0 is a " t rue"  r e a c t o r  v a r i a b l e  because i t  e x i s t s  
p h y s i c a l l y  behind t h e  mixing plenum. It is p o s s i b l e  t h e r e f o r e  t o  zeasure  
i t  i n  a d e f i n i t e  procedure.  The Same i s  t r u e  f o r  t h e  i n l e t  temperature  8,. 
& 
But i t  is  d i f f i c u l t  t o  measure T e f f .  Te f f  does n o t  exis-L a s  sucli: i t  is  
a mathematical  quan t i ty .  On t h e  o t h e r  hand i t  is  p o s s i b l e  t o  c o n t r o l  i ts 
constancy.  For t h a t  only  t h e  constancy of t h e  average coo lan t  temperature  
and of t h e  power i s  necessa ry  (App.2). Th i s  can be measured. The r e a l  
i nhe r en t  va lue  of a s t a t i c  t e s t  i n  SEFOR i s  t h e  d i r e c t  a cce s s  t o  t h e  uni-  
v e r s a l  power c o e f f i c i e n t ,  G. From t h i s  one g e t s  t h e  adv ice  t o  measure a s  
a  t h i r d  v a r i a b l e  t h e  r e a c t o r  power. The r e l a t i v e  changes of t h e  r e a c t o r  
power can be  measured by i o n i z a t i o n  chamber t echn iques ,  which a r e  f a i r l y  ac- 
cu ra t e .  We t h e r e f o r e  have t h e  fo l lowing  scheme of measuring two tempe- 
r a t u r e  and one power c o e f f i c i e n t s .  
2. Phys i ca l  Fundamentais 
The r e a c t o r  System i s  i l l u s t r a t e d  schemat ica l ly  i n  Fig.1. The hea t  pro- 
duced i n  t h e  core  i s  removed by t h e  primary coo lan t .  Sodium,and i s  then  
t r a n s f e r r e d  t o  t h e  secondary Sodium c i r c u i t .  From here  t h e  hea t  i s  r e -  
j e c t e d  t o  t h e  atmocphere by Open c i r c u i t  fo rced  a i r  cool ing.  
I n  t h e  fo l lowing  i n v e s t i g a t i o n  t he se  symbols have been used: 
Ak = t o t a l  r e a c t i v i t y  change due t o  temperature  v a r i a t i o n s  
i n  r e a c t o r  
Akf = r e a c t i v i t y  change due t o  v a r i a t i o n s  of t h e  e f f e c t i v e  f u e l  temperature  
A k ~ a  = r e a c t i v i t y  change due t o  v a r i a t i o n s  of t h e  average Sodium temperature  
= r e a c t i v i t y  change due t o  v a r i a t i o n s  of t h e  average 
c l add ing  temperature  
t = r e a c t i v i t y  change due t o  t h e  expansion of t h e  r e a c t o r  
s t r u c  t u r e s  
Te f f  = e f f e c t i v e  f u e l  temperature  de f ined  i n  Appendixes 'l 
and 2 
B i = primary coo lan t  r e a c t o r  i n l e t  temperature  
8 = primary coo l an t  r e a c t o r  o u t l e t  temperature  
0 
Tc e f f  = e f f e c t i v e  c l add ing  temperature  Qo + Bi 
8 = primary coo l an t  average temperature  = 2 
P = power genera ted  by r e a c t o r  
n  = number of f u e l  r ods  i n  r e a c t o r  
H = he igh t  of t h e  f u e l  rod 
f = d i f f e r e n t i a l  r e a c t i v i t y  temperature c o e f f i c i e n t  due t o  f  t h e  f u e l ,  r e f e r r e d  t o  t h e  e f f e c t i v e  f u e l  ternperature 
E = d i f f e r e n t i a l  r e a c t i v i t y  temperature c o e f f i c i e n t  due t o  
t he  c ladd ing ,  r e f e r r e d  t o  t h e  e f f e c t i v e  c ladd ing  ternperature- 
= d i f f e r e n t i a l  r e a c t i v i t y  temperature c o e f f i c i e n t  due t o  
t h e  coo l an t ,  r e f e r r e d  t o  t he  average coo lan t  temperature  
ct = mmain d i f f e r e n t i a l  r e a c  t i v i t y  temperature coef f  i c i e n t  due t o  t h e  expansion of t h e  r e a c t o r  s t r u c t u r e s ,  r e f e r r e d  t o  t h e  
average coo lan t  temperature  
= secondary d i f f e r e n t i a l  r e a c t i v i t y  temperature c o e f f i c i e n t  due 
t o  t h e  expansion of t h e  r e a c t o r  s t r u c t u r e s ,  r e f e r r e d  t o  t h e  
coo lan t  temperature r i s e  i n  t h e  r e a c t o r  
G = d i f f e r e n t i a l  power r e a c t i v i t y  coef f  i c i e n t  
= primary c i r c u i t  Sodium flow 
V = secondary c i r c u i t  Sodium flow 
The s t a t i c  change i n  r e a c t i v i t y ,  Ak, due t o  temperature e f f e c t s  i n  a 
nuc lear  r e a c t o r ,  which moves from s t eady  s t a t e  "1" t o  s t eady  s t a t e  "2", 
is t h e  fol lowing:  
Ak = Akf + Akc + AkNa + Akst 
where : 
and : 
/2 
Ih  Appendix 2 we s ee  t h a t  i t  i s  p o s s i b l e  i n  t h e  p r a c t i c a l  c a s e s  t o  exp re s s  
t h e  e f f e c t i v e  f u e l  temperature ,  T e f f ,  f o r  a given f l u x  d i s t r i b u t i o n ,  as 
f u n c t i o n  of t h e  average coo lan t  temperature  8 and of t h e  power P. 
The product  AfRf i s  a func t i on  of P and a  l i n e a r  f unc t i on  of 8. AfRf 1s 
a  mathematical  quan t i t y .  It can be c a l c u l a t e d  only  by knowing f l w t  and 
temperature  d i s t r i b u t i o n s  i n  t h e  r e a c t o r .  The knowledge of AfRf would 
mean t h e r e f o r e  a tremendous number of measuring p o i n t s  i n  t h e  r e a c t o r ,  
which i s  no t  p r a c t i c a l .  We can conclude t h a t  A R i s  unknown and T e f f  f  f  
t h e r e f o r e  i s  a l s o  unknown, On t h e  o t h e r  hand we can c o n t r o l  t h e  constancy 
of T e f f  by keeping 8 and P cons t an t .  Since  T  i s  p r a c t i c a l l y  no t  measur- 
e f  f  
a b l e ,  i t  seems convenient  t o  d iv ide  i ts  e f f e c t  on r e a c t i v i t y  i n  two p a r t s :  
one r e f e r r e d  t o  t h e  average coo l an t  temperature  8 and t h e  o t h e r  t o  power P. 
We can w r i t e  
where Gf and yfc  a r e  de f ined  r e s p e c t i v e l y  by eqs.(59) and (58) i n  
Appendix 2,  
The Same cons ide r a t i ons  can be app l i ed  t o  t h e  r e a c t i v i t y  e f f e c t  dependent 
on t h e  e f f e c t i v e  c ladd ing  temperature  T  
c e f f :  
I n  t h e  SEFOR case  c l add ing  and coo lan t  temperatures  d i f f e r  only  s l i g h t l y ,  
It i s  t h e r e f o r e :  
Taking i n t o  account eqs .  ( 4 , 5 , 12 ,13 ) ,  eq-  ( 1 )  can be w r i t t e n  as fO1- 
lows 
wher e  : 
G = Gf + Gc = g l o b a l  power c o e f f i c i e n t  ( i n  SEFOR G G ~ )  (16)  
y  = yNa + yfc  + y; + yst = g l o b a l  coo l an t  c o e f f i c i e n t  
Y r = secondary r a d i a l  expansion temperature  c o e f f i c i e n t  due t o  
change of coo l an t  temperature  r i s e  i n  t h e  r e a c t o r .  ( i n  
SEFOR yr z 0 )  (18)  
We s h a l l  measure t h e  t h r e e  c o e f f i c i e n t s  G ,  y and y r s e p a r a t e l y  by 
means of t h r e e  d i f f e r e n t  s t a t i c  experiments.  
I -- Measurernekof  t he  g l o b a l  power c o e f f i c i e n t  G 
The coo l an t  temperatures  ( i n l e t  and o u t l e t  and t h e r e f o r e  a l s o  
t h e  average)  a r e  he ld  cons t an t  a s  power is changed. This  is 
- 
equ iva l en t  t o  pu t  AB = ABr = 0 i n  eq. (15). 
We g e t :  
I1 Measurement of t he  g l o b a l  coo l an t  temperature  c o e f f i c i e n t  _r 
--- 
Coolant  temperature  r i s e  and power a r e  he ld  cons t an t  as average 
coo l an t  temperature i s  changed, This  i s  equ iva l en t  t o  pu t  
AP = Aer = 0 i n  eq. ( 15 ) .  
. 
We g e t :  
I11 Measurement of t h e  cecondary r a d i a l  expansion ternperature Co= 
e f f i c i e n t  yr 
--
Power and average coo l an t  temperature  (and t h e r e f o r e  t h e  e f f e c t i v e  
f u e l  temperature)  a r e  he ld  cons t an t  a s  coo l an t  temperature  r i s e  
- 
is changed. This  i s  equ iva l en t  t o  pu t  A P  = A 8  = 0 i n  eq. (15) .  
We g e t :  
The a v e r a g e  c o o l a n t  t e m p e r a t u r e  is h e l d  c o n s t a n t  i n  t h i s  ex- 
p e r i m e n t  by changing  o u t l e t  and  i n l e t  c o o l a n t  t e m p e r a t u r e s  
of  t h e  Same amount i n  o p p o s i t e  d i r e c t i o n s  (Ag = - ~ 6 ~ ) .  
0 
F o r  comple t eness  we must s a y  t h a t  a f o u r t h  s t a t i c  expe r imen t  is 
a l s o  p o s s i b l e  by means of  which t h e  o v e r - a l l  i s o t h e r m a l  tempera-  
t u r e  c o e f f i c i e n t ,  yis, of t h e  r e a c t o r  is measured. During t h i s  
expe r imen t  t h e  r e a c t o r  i s  k e p t  j u s t  c r i t i c a l  w i t h o u t  power pro-  
d u c t i o n .  F u e l  and  c o o l a n t  t e m p e r a t u r e s  a r e  t h e r e f o r e  a l l  e q u a l  
t o  t h e  i n l e t  c o o l a n t  t e m p e r a t u r e .  I f  t h i s  t e m p e r a t u r e  i s  changed,  
t h e r e  i s  a change a l s o  i n  r e a c t i v i t y :  
T h i s  f o u r t h  exper im2nt  can  be used  a s  a coun te rcheck  of  t h e  second 
and  t h e  t h i r d  s t a t i c  e x p e r i m e n e .  S i n c e  t h i s  l a s t  is a v e r y  vrell  
known c l a s s i c a l  expe r imen t ,  i n  t h e  f o l l o w i n g  pages  o n l y  t h e  f i r s t  
t h r e e  static! e x p e r i m e n t s  w i l l  b e  a n a l y s e d .  
3.  The measureqent  of t h e  g l o b a l  power c o e f f i c i e n t  
3.1 C l a e s i f i c a t i o n  of  t h e  e r r o r s  
-----P 
A s  a l r e a d y  s t a t e d  i n  p a r a  2 ,  d u r i n g  t h e  expe r imen t ,  t h e  c o o l a n t  tempera- 
t u r e s  ( i n l e t  and o u t l e t )  a r e  h e l d  c o n s t a n t  as power is changed. The 
g l o b a l  power c a e f f i c i e n t ,  G ,  is t h a n  g i v e n  by: 
P G = A ~ / A  (I) 
From eq.  ( 1 5 )  of P a r a  2 we g e t  t h e  f o l l o w i n g  e r r o r s  ( a c c o r d i n g  t o  ~ i b l . 7 ) :  
is t h e  random e r r o r  due t o  t h e  n o t  e x a c t  c o n s t a n c y  of  t h e  o u t l e t  coo- 
l a n t  t e m p e r a t u r e ,  eO, d u r i n g  t h e  expe r imen t .  
i s  t h e  random e r r o r  due t o  t h e  n o t  e x a c t  c o n s t a n c y  of  t h e  i n l e t  coo- 
l a n t  t e m p e r a t u r e ,  Bi, d u r i n g  t h e  expe r imen t .  
is t h e  random e r r o r  due t o  t h e  measurement of t h e  r e a c t i v i t y  i n t e r v a l .  
"dk" is t h e  e r r o r  done i n  rneasuring each end of t h e  i n t e r v a l .  
i s  t he  e r r o r  due t o  t he  measurement of t h e  power i n t e r v a l .  This  e r r o r  
may be d iv ided  i n  two p a r t s :  is t h e  random e r r o r  due t o  t h e  measure- 
ment of t h e  c u r r e n t ,  I,  produced by t h e  neu t ron  f l u x  d e t e c t o r  and cK 
is t h e  sys temat ic  e r r o r  due t o  t h e  de te rmina t ion  of t h e  c a l i b r a t i o n  
co ns t an t ,  K ,  of t h e  neu t ron  f l u x  d e t e c t o r .  
ha s  been def ined  aupposing t h a t  t he  c a l i b r a t i o n  curve of t he  de tec -  K 
t o r  and of a l l  t h e  measuring equipment is l i n e a r ,  which is t r u e  i f  t h e  
i n s t rumen ta t i on  i s  used i n  t he  proper  range.  The c a l i b r a t i o n  cons t an t  K 
w i l l  be determined by means of t h e  c a l o r i m e t r i c  method wi th  r e a c t o r  a t  
f u l l  power ( ~ p p e n d i x  3 ) .  
Taking i n t o  account t h e  d e f i n i t i o n  of t h e  e r r o r s  from ( 2 )  t o  ( 6 )  and 
t h e i r  n a t u r e  ( sys temat ic  o r  random), we can w r i t e  t h a t  t he  t o t a l  ex- 
pe r imenta l  e r r o r ,  E ,  is g iven  by: 
where : 
gK = t o t a l  sys temat ic  e r r o r  
* t o t a l  random e r r o r  (8)  
with:  
3.2 Choiee of t h e  power i n t e r v a l ,  AP 
The power i n t e r v a l  AP must be chosen i n  such  a way t h a t :  
where (P1 and a r e  t h e  d i f f e r e n t i a l  g loba l  power c o e f f i c i e n t s  
r e s p e c t i v e l y  a t  power P  and P2 (pZ>P1), G is t h e  average g l o b a l  1 
power c o e f f i c i e n t  i n  t h e  i n t e r v a l  between P and P2 and d~ is t h e  1 
t o t a l  a b s o l u t e  exper imenta l  random e r r o r .  It is: 
wi th  Er g iven  by eq.(8) of Para  3.1. From eq . ( l )  we can wr i t e :  
In t roduc ing :  
we o b t a i n ,  t a k i n g  i n t o  account ( 2 ) :  
t h a t  is: 
I n  a f a s t  r e a c t o r  we can assume t h a t  t h e  Doppler d i f f e r e n t i a l  tempera- 
t u r e  c o e f f i c i e n t  rf i n  f i r s t  approximation i s  given by: 
r = dk - -, - f  C (Appendix l) dTeff  m Te f f  
0 
w i t h C  a n d m c o n s t a n t  a n d T  i n  K. 
ef  f  
By i n t e g r a t i n g  eq.(?), we ob t a in :  
Taking i n t o  account e q . ( l l )  of para  2, eq.(8) becomes: 
and the  d i f f e r e n t i a l  Doppler power coef f i c i e n t  Cf is  (Appendix 2 
eq.49) : 
akf C 
m-1 
f = n~(-)- - (X) nH Pf a p  Q = const  (- nH 6-+ P) m 
9 = const AfRf 
r AfRf 
The average Doppler power c o e f f i c i e n t ,  G f ,  i s  given by: 
1 
- 
1 
m - 1  m- 1 
C ("H) Q + P + A P ]  
G f =  - AfRf 
- 
m- 1 A ( P/nH) 
A s  we have a l ready  s a i d  i n  Sefor  i t  is: 
and 
T&ing i n t o  account (7) arid (81, (12) and (131, eq- (4)  becomes: 
w e  have: 
Condi t ion ( 6 )  becomes: 
We can c a l c u l a t e  t h e  boundary value  APb s o  def ided  t h a t ;  i f  AP>APb, 
cond i t i on  (17)  i s  s a t i s f i e d i  
AP i s  given by t h e  fo l lowing  equat ion:  b 
from which: 
P u t t i n g  (19) r e s p e c t i v e l y  i n  (16) and i n  eq. (8)  of Para  3.1, we get :  
3.3 Numerical eva lua t i ons  i n  t h e  Sefor  case  
I n  t h e  Sefor  case  we have: 
'Je chall assume that inlet and outlet temperatures during the experi- 
ment are kept constant within 1'~. That is: 
We s h a l l  also assume: 
and 
& P  = 0.01 P = 0.2 MW (when P = 20 MW) 
With t h e  chosen va lues ,  we have: 
and s i n c e  m = l  ( ~ i b l . 1 )  
and 
Since i t  is: 
We ob t a in :  
(Appendix 4)  
It is i n t e r e s t i n g  t o  See t he  magnitude of each e r r o r  s e p a r a t e l y :  
E 2 1.44 % 
0 
(26)  
Ci 1.44 76 (27)  
2.3 % (28)  
L@ - 5.43 % (29) 
6 ,  " 3.8 % (30) 
From t h i s  numerical  eva lua t i on  i t  appears  t h a t  t h e  important  e r r o r s  
a r e  mainly t h e  c a l i b r a t i o n  e r r o r ,  g K ,  t h e  random e r r o r ,  E due t o  P 
t h e  measurement of t h e  c u r r e n t  produced by t h e  neu t ron  f l u x  de tec -  
t o r  and E It must be taken i n  mind t h a t  t h e  importance of g0; 4' Ei i n c r e a s e s  when t h e  measurements a r e  c a r r i e d  ou t  a t  lo'wer power 
l e v e l s .  
4. The measurement of t h e  g l o b a l  coo l an t  temperature  c o e f f i c i e n t  
4.1 C l a s s i f i c a t i o n  of t h e  e r r o r s  
------P------ 
A s  a l r e a d y  s t a t e d  i n  Para  2 ,  dur ing  t h i s  experiment,  rise of coo l an t  
temperaturesand power a r e  he ld  c o n s t a n t ,  as averagetemperature  i s  
changed. The g l o b a l  coo l an t  temperature  c o e f f i c i e n t  i s  than g iven  
- 
by : 
From eq. (15)  of  Para  2, we g e t  t h e  fo l lowing  e r r o r s :  
is the  random e r r o r  due t o  t h e  no t  exac t  constancy of t h e  power dur ing  
t h e  experiment.  
i s  t h e  random e r r o r  due t o  t h e  no t  exac t  constancy of t h e  r e a c t o r  
coo l an t  temperature  r i s e  dur ing  t h e  experiment 
is t h e  random e r r o r  due t h e  measurernent of t h e  r e a c t i v i t y  i n t e r v a l .  
is t h e  random e r r o r  due t o  t h e  measurenent of t h e  average coo l an t  tempera 
t u r e  ~ h a n ~ e . 6 8  is t h e  e r r o r  done i n  measuring t h e  coo l an t  temperature .  
"6k" is t h e  e r r o r  done i n  measuring each end of t h e  i n t e r v a l .  
1 O 
--- ( 5 )  
Taking i n t o  account  t h e  d e f i n i t i o n  of t h e  e r r o r s  from (2 )  t o  (5) and 
t h e i r  n a t u r e  ( sy s t ema t i c  o r  random), we can w r i t e  t h a t  t h e  t o t a l  ex- 
pe r imenta l  e r r o r ,  ENa, is given by: 
4.2 Numerical eva lua t i ons  i n  ---- t h e  SEFOR ca se  
I n  t h e  SEFOR case  we have: 
By look ing  a t  eq. ( I )  i t  appears  convenient  t o  perform t h i s  experiment 
a t  low power l e v e l  (4G4 MW). I n  t h i s  case  we have: 
Assuming : 
and p u t t i n g :  
AG = 2 0 ' ~  
we g e t :  
The t o t a l  exper imenta l  e r r o r ,  ENa, w i l l  be : 
A s  a l r e a d y  no t i c ed  t h i s  experiment cannot  be c a r r i e d  ou t  at f u l l  power 
because t h e  r e s u l t  would be t o  i n a c c u r a t e  ($  b i g ) .  Never the less ,  from 
t h e  p o i n t  of view of t h e  accuracy ,  t h i s  d i f f i c u l t y  can be over r idden  i f  
t h e  power can be kep t  c o n s t a n t  wi th  b e t t e r  p r ec i s i on .  (0.1 % i n s t e a d  of 
1  % as s t a t e d  Sn eq. 5 ) .  
5 .  The measurement of t h e  secpndary r a d i a l .  expansion tempebature CO- 
ef  f  i c i e n t  
---- 
5.1 C l a s s i f i c a t i o n  ?f t h e  e r r o r s  involved i n  t h e  measurements 
A s  a l r e a d y  s t a t e d  i n  p a r a  2 ,  dur ing  t h i s  experiment,  average coo l an t  
temperature  and power a r e  he ld  c o n s t a n t ,  a s  i n l e t  and o u t l e t  coo l an t  
t empera tu resa re  changed of t h e  same amount b u t  i n  oppos i t e  d i r e c t i o n s  
(AG = - heil 
0 
From eq. (15)  of  Para  2 ,  we g e t  t h e  e r r o r s  a s s o c i a t e d  t o  eq. 1 
is  t h e  random e r r o r  due t o  t h e  n o t  exac t  constancy of t he  power dur ing  
t h e  experiment.  
i s  t h e  random e r r o r  due t o  t h e  no t  exac t  constancy of t h e  average coo- 
l a n t  temperature  dur ing  t h e  experiment.  This  means t h a t  t h e  cond i t i on  
Ago = - AG.  i s  n o t  p r e c i s e l y  s a t i s f i e d .  
1 
i$ t h e  bandom e r r o r  due t o  t h e  heasurement of t h e  r d a c t i v i t y  i n t e r -  
v a l .  dk is khe ePror  done i n  measuring each end of t h e  i n t e r v h l .  
is t h e  random e r r o r  due t o  t h e  eva lua t i on  of t h e  change i n  t h e  reac-  
t o r  coo l an t  temperature r i s e .  69 is  the  e r r o r  dane i n  rneasuring t h e  
coo l an t  temperature.  
Taking i n t o  account t h e  d e f i n i t i o n  of t he  e r r o r s  from (2) t o  ( 5 )  and 
t h e i r  na tu r e  ( sys temat ic  o r  random), we can w r i t e  t h a t  t h e  t o t a l  ex- 
per imental  e r r o r ,  Ei, is  given by: 
5.2 Numerical eva lua t i ons  i n  t h e  SEFOR case  
S ince  i n  SEFOR i t  is expected t o  have yr = 0, i t  h a s  no meaning t o  
eva lua t e  r e l a t i v e  e r r o r s .  It makes i n s t e a d  sense  t o  eva lua t e  abso- 
l u t e  e r r o r s .  
We have: 
I n  t h i s  c a se  too ,  by looking a t  eq. (I), it appears  convenient  t o  per-  
form t h e  experiment a t  low power l e v e l  ( G  4 MV]). 
We have : 
AP = o ~ o l * P  = 0.01b4 = 0 . 0 4 ~ ~  
Assuming : 
AZ = r IOK 
&k = 5 . 1 0 ~ ~  P: 
and p u t t i n g :  
and t he r e fo re :  
we have : 
The t o t a l  exper imental  e r r o r ,  syr, w i l l  be: 
6 .  Cons idera t ions  on t h e  r e g u l a t i o n  and c o n t r o l  of t h e  r e a c t o r  dur inq  
t h e  ex je r iments  
I n  o rde r  t o  perform t h e  experiments i n  t he  b e s t  way, i t  is reasonable  
t o  a s k  f o r  t h e  most p r e c i s e  r e g u l a t i o n  of t h e  important  parameters.  
The parameters  which must be r e g u l a t e d  a r e :  
t h e  r e a c t o r  power, P 
t h e  primary coo lan t  r e a c t o r  o u t l e t  temperature ,  €I0 and 
t h e  primary coo l an t  r e a c t o r  i n l e t  temperature ,  €Ii. 
The parameters  which c o n t r o l  t h e  system a r e :  
r e a c t i v i t y ,  Ak 
primary coo l an t  f low,  p  and 
secondary coo l an t  f low V. 
It seems reasonab le  t o  r e g u l a t e  Qi by means of V. 
Two p o s s i b i l i t i e s  a r e  g iven t o  r e g u l a t e  8 and P. 
0 
Case I: To r e g u l a t e  Go wi th  Ak and P wi th  p  
Case 2: To r e g u l a t e  e0 with p and P with Ak 
We s h a l l  d e f i n e  as b e t t e r  t he  r e g u l a t i o n  which g i v e s  t h e  f i n e s t c o n t r o l ,  
t h a t  i s  t h e  minimum change of t h e  c o n t r o l l e d  parameter due t o  t h e  
minimum p o s s i b l e  change of t h e  c o n t r o l l i n g  parameter.  
Taking i n t o  account  eq. (15)  of p a r a  2 ,  we have i n  case  1: 
It is: 
P = cp (9  - Bi) 0 
asO / s 9 0 1  = k 1 = 
I min P =cons t  m i n  
I I ~ I I  be lng t h e  s p e c i f i c  h e a t  c a p a c i t y  of t he  coo lan t .  
\Ve have t h e r e f  o r e  : 
8. 1=const  
I 
-- 
Y 
Z + Y r  
2 P laPl 
min 
1 
From eq. (21, we have i n  c a se  2: 
f k  
= ( e - e . ~ . I $ [  (4 )  
rnin 0 1 2 min m i n  min 8. =cons t  
1 
min 
From eq. (15)  of pa ra  2 we g e t  i n  c a se  2: 
I ap 1 
2 min = P l ~ k  o  =cons t  l a q m i n = P ) ~  min 
6 .  =cons t  
1 
I n  t h e  SEFOR ca se  a t  f u l l  power and flow, we have: 
I6'o 1, rnin = 227 rnin 
1 min m i n  
67 
/ "0 I zmin=  1' Imin 
6 1s. 1 = 0.85 16kl  2 min min 
Assuming f o r  ('*Imin IYI t h e  fol lowing va lues :  
rnin 
we g e t :  
I6'o I? rnin 
'Z 1 . 1 4 ~ ~  
= I% 
1 min 
= 0 . 6 7 ' ~  / 6e01 2 min 
1 %  1 = 0.425 % 
2 min 
From (12)  ; (13)  ; (14)  and (15) i t  appears  t h a t  case  "2" g i v e s  a  f i n e r  
c o n t r o l  of both o u t l e t  coo lan t  temperature  "eo" and power I1P". Case 
two is a l s o  more convenient  from t h e  p o i n t  of view of t h e  speed of 
t h e  r e g u l a t i o n .  I n  f a c t  p a c t s  on B. quicker  than on P,  and Ak a c t s  
on P quicker  than on Q O .  
We can t h e r e f o r e  conclude t h a t  i t  is convenient  t o  compensate: 
changes of e0 by means of p 
and 
changes of P by means of Ak 
7. Conc lus ions  
The g l o b a l  power c o e f f i c i e n t ,  G ,  is  expec ted  t o  be measured i n  SEFOR 
w i t h  10 % a c c u r a c y ,  when nol-mal i n s t r u m e n t a t i o n  is used .  The power 
c o e f f i c i e n t ,  s o  o b t a i n e d ,  i s  ave raged  ove r  power i n t e r v a l s ,  AP, lvhich 
i n c r e a s e  as power i n c r e a s e s  ( eq .  1 9  of  p a r a  3 . 2 ) .  A t  f u l l  power 
(20 MN) AP is a b o u t  5 MW. 
From t h e  a n a l y s i s  deve loped  i n  P a r a  3 . 3  i t  a p p e a r s  t h a t  t h e  main s o u r c e  
of  e r r o r  i s  expec ted  t o  be t h a t  due t o  t h e  measurement of t h e  c u r r e n t  
produced by t h e  n e u t r o n  d e t e c t o r  (f ). The a c c u r a c y  can  t h e r e f o r e  be @ 
imprcved ( o r  t h e  power i n t e r v a l  r educed)  by u s i n g  a more r e f i n e d  neu- 
t r o n  f l u x  d e t e c t i o n  sys tem.  
The g l o b a l  c o o l a n t  t e m p e r a t u r e  c o e f f i c i e n t ,  y ,  can  be a l s o  measured by 
means of  s t a t i c  expe r imen t s .  The e x p e c t e d  p r e c i s i o n  is a b o u t  1 5  % o v e r  
0 i n t e r v a l s  of  a v e r a g e  c o o l a n t  t e rnpe ra tu re  of  20 C .  It w i l l  a l s o  p o s s i b l e  
t o  check t h a t  t h e  s econda ry  r a d i a l  expans ion  t e m p e r a t u r e  c o e f f i c i e n t ,  
Y r  is a b o u t  Zero as i t  i s  expec ted  a c c o r d i n g  t o  t h e o r e t i c a l  c a l c u l a -  
t i o n s .  
The measurement of  y  and y  must be c a r r i e d  o u t  a t  low power l e v e l  
r 
(&4 MW). A t  f u l l  power t h e  rneasurements would be t o o  i n a c c u r a t e .  
However, i f  t h e  n e u t r o n  f l u x  can  be c o n t r o l l e d  w i t h i n  0.1 % of t h e  
power l e v e l  ( i n s t e a d  of  1 $1, i t  i s  p o s s i b l e  t o  pe r fo rm t h e  e x p e r i -  
ments  a l s o  a t  f u l l  power w i t h  a b o u t  t h e  Same a c c u r a c y .  
The a n a l y s i s  deve loped  i n  P a r a  6 g i v e s  a g u i d e  t o  t h e  c o n t r o l  phylosophy 
of t h e  r e a c t o r  sys t em d u r i n g  t h e  expe r imen t s .  It i s  c o n v e n i e n t  t o  r e -  
g u l a t e  : 
( i )  t h e  o u t l e t  p r imary  c o o l a n t  t e m p e r a t u r e ,  eO,  by means 
of  t h e  p r imary  c o o l a n t  f l o w ,  p 
( i i )  t h e  i n l e t  p r imary  c o o l a n t  t e m p e r a t u r e ,  Bi, by means 
of t h e  seconda ry  c o o l a n t  f l o w , V  
( i i i )  t h e  r e a c t o r  power, P ,  by means of t h e  r e a c t i v i t y  Ak. 
With this t y p e  of  c o n t r o l  phylosophy a f i n e  change of  0.5 96 of  
power is a c h i e v a b l e  when changes  of ~ * I o - ~  $ i n  Ak a r e  p o s s i b l e .  
Appendix 1 
Dependence of tHe Doppler reactivity effect upon the effective fuel 
temperature, Teff 
The infinitesimal reactivity change, dkf, due to infinitesimal changes, 
dT, of fuel temperatures, is given by: 
\ # ,* dV 
reactor 
where : 
= flux 
* = adjoint flux 
' = local fuel reactivity coefficient 
V = volume 
We define the effective fuel temperature, Teff, as follows: 
- 
all rods - 
- 
'reac tor 
vf 
all rods 
where V = volume of fuel in reactor. f 
I 
In the simple case in which rf is constant, introducing ( 2 )  in (11, 
we obtain: 
We can therefore define a differential reactivity temperature coeffi- 
cient, ff, as follows: 
dkf vf C=-= P' --- 'r eac t o r  
I n  t h e  most gene ra l  c a s e s  pi!is a func t i on  of t he  f u e l  temperature .  
We can develop /$T) i n  a Taylor s e r i e s :  
where : 
I n t r oduc ing  ( 5 )  i n  (I) and t ak ing  i n t o  account (21, we have: 
'f al / a l l  4 f rods  ( T - T ~ ~ ~  11 dTdV 
dkf = --- 
'reac t o r  
aO dTeff + 5 1=1 
1 (8) [ jrxrdv 
vf tS: T- ao dTeffF 
r e a c t o r  
L 
Taking i n t o  account  express ion  (91, eq. 8 becomee: 
dkf 3 - vf 
'reac t o r  ao dTeff 
We can t h e r e f o r e  d e f i n e  t h e  d i f f e r e n t i a l  r e a c t i v i t y  temperature  C O -  
e f  f  i c i e n t  , rf as f o l lcws : 
dkf - vf 
- -- - _I__- 
- dTeff a 
' reactor  
0 
If ao is g iven  by 
then 
I 
eff 
nhere : 
C = -- V' C 
'reac tor 
Appendix 2 
Calculation of the effective temperature of the fuel 
We define the effective fuel temperature, Teff, as follows: 
where : 
e, = flux 
$* = adjoint flux 
T = fuel temperature 
V = volume 
We consider the reactor as devided in Ont1 vertical channels each in- 
cluding a fuel element and its associated coolant. The fuel temperature 
in the channel "q" is given by: 
where : 
vertical coordinate (z=o at the middle plane of the 
C hannel) 
height of the fuel rod 
radial coordinate of the fuel rod 
radius of the fuel rod 
inlet coolant temperature 
reactor power 
specific heat capacity of the primary coolant 
primary coolant flow 
normalized flux(power) distribution in the radial. direction 
&(q) = normalized flow distribution in the radial direction 
r Rs(T E) = equivalent thermal resistance between the temperature 
of the points at distance I1r" from the axis of the 
fuel rod and the coolant temperature 
z 
M($ = normalized flux (~ower) distribution in the axial direction 
+ 1/2 
X d(j$ = 1 I ( 3 )  
We can put: 
where Rc is the thermal resistance between the fuel surface temperature 
and the coolant temperature and R depends on the fuel thermal con- 
s f 
ductivity h .  R can be supposed to be constant. Rsf instead 1s in 
C 
general function of the temperature because A is function of the tempe- 
rature. 
Taking into account (2) and (41, eq.(l) becomes: 
where : 
J H H *  dv 
all rods 
and 
Vf = volume of f u e l  i n  r e a c t o r  = nHnR 
2 
T be ing  t h e  average f u e l  temperature i n  a s e c t i o n  of a f u e l  rod  g iven  
av  
by : 
The average f u e l  temperature ,  5 ,  is  obta ined by t h e  Same procedure w i th  
t h e  excep t ion  of t h e  term $ $* which i s  equa l  t o  1. 
It is: 
where : 
I n  t h e  Sefor  (arid i n  most of t h e  exper imenta l  f a s t  r e a c t o r s ) ,  f low and f l u x  
d i s t r i b u t i o n s  i n  t h e  r a d i a l  d i r e c t i o n  a r e  similar because of s p e c i d  design.  
It i s  t h e r e f o r e :  
N ( q )  = Q(q) (14) 
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The flux distribution along the axis of a fuel rod is in general 
symmetrical in respect to the middle plane of the core. That is: 
Taking into account (15) and the definition of M(:) (eq.3) we have: 
and 
Introducing (14); (16) and (2.7) in eq. (13), we have: 
* 
f $ has also in general an axial distribution which is symmetrical in 
respect to the middle plane of the core. In this case, taking into 
account (15) and (17), if N(q) = Q(q), eq.(6) gives: 
Taking into account (14), the average coolant temperature, 9, is given 
by : 
and therefore from ( 5 ) ;  (18) and (19) it follows: 
and 
Let u s  cons ider  now R and A given r e s p e c t i v e l y  by eqs. (7) and (81, f  f '  
i n  t h e  t k o  p a r t i c u l a r  cases :  
I) t h e  thermal  conduc t iv i ty ,  h ,  of t h e  f u e l  element 
i s  cons tan t  
11) t h e  thermal conduc t iv i ty ,  h ,  fo l lows t h e  S c o t t ' s  l a w  
(Bibl .8)  t h a t  is: 
wi th  ß and a cons t an t ;  
I n  t h e  f i r s t  case  ( X  = cons t )  Rav i s  a l s o  cons tan t  and we have from 
eq. (7) : 
E ~ .  (8) gives: 
We can conclude t h a t ,  i f  t he  thermal conduc t iv i ty ,  1, of t h e  f u e l  element 
i s  cons t an t ,  R i s  cons tan t  and A depends only on t h e  d i s t r i b u t i o n  of f  f 
t h e  f l u x  arid t h e  a d j o i n t  f l u x  i n  t h e  r eac to r .  
I n  t h e  second case  ( h  fol lowc t h e  S c o t t ' s  law),  i t  is  (from eq.10): 
where : 
T = average f u e l  temperature i n  a  s e c t i o n  of a f u e l  r od  
av 
T = su r f ace  f u e l  temperature 
S 
If we use for ?L the expresaion (22), T„ - T is given by: 
8 
In addition, it is: 
T = B + Rc M(;) N ( q )  P/nH 
6 
Taking i n t o  account (26) and (27),  eq,(25) bccomes: 
~ q . ( 2 8 )  can be developed in series:  
We a l so  remember that:  
Putting (29) and (30) in eq.(7), and taking into account (311, (321,  
(33) and (34), we get: 
where : 
and 
It is: 
Putting ( 2 9 )  and (30) in eq.(8) and taking into account (31) to (381, 
we ge t : 
m= 00 
C m nH 
- 
m= 0 m= 0 vf 
*f - m= PO - m= cP P m e + a  P R C E am(=) + -- 2 bm(z) 
m= 0 m= 0 
\ m n* 
all rods 
where : 
1 1 m 1  - q=n{L N ( ~ J  m+lr1'2 [M<XY~ "I * 
Cm = (TZ) n q= 1 
- 1/2 
and 
It is: 
In  t h e  ca se  $$* = 1, i t  is: 
and 
From eqs.(35) t o  (42) we conclude t h a t ,  i f  t h e  f u e l  thermal  conduc t iv i t y  
I1hIt fo l lows  t h e  S c o t t ' s  l a w ,  Af and R depend on r e a c t o r  power, P, f  
average coo lan t  temperature  and on f l u x  and a d j o i n t  f l u x  d i s t r i b u t i o n  
i n  t h e  r e a c t o r .  
I n  Appendix 1 we have seen  t h a t  t h e  f u e l  temperature  e f f e c t  on r e a c t i v i t y  
can be r e f e r r e d  t o  an  e f f e c t i v e  f u e l  ternperature,  Teff ,  which i s  def ined  
by e q . ( l ) .  
I n  t h i s  Appendix we have a l s o  found t h a t  T depends d i r e c t l y  upon P, 8 
e f f  
and f l u x  and a d j o i n t  f l u x  d i s t r i b u t i o n .  Th i s  means t h a t  changes i n  t h e  
d i s t r i b u t i o n  of f u e l  temperatures ,  which do no t  e f f e c t  P, G and flw: and 
a d j o i n t  f l u x  d i s t r i b u t i o n ,  do no t  e f f e c t  a l s o  Teff .  Th i s  has  been demon- 
s t r a t e d  only  i n  two cases :  h i s  cons tan t  o r  fo l lows  t h e  S c o t t ' s  law(eq.22). 
However, t h i s  two c a s e s  a r e  important  i f  t h e s e  conc lus ions  a r e  
app l i ed  t o  ceramic f u e l  elements. 
Ceramic f u e l  elements have a  thermal  conduc t iv i t y  which decreases  wi th  
t h e  S c o t t ' s  i a w  u n t i l  60o0c, from 6 0 0 ' ~  t o  2 0 0 0 ~ ~  i s  more o r  l e s e  cons t an t ,  
and from 2 0 0 0 ~ ~  t ends  t o  i nc r ea se .  The r eg ion  i n  which we a r e  i n t e r e s t e d  
i s  from room temperature  t o  2 0 0 0 ~ ~ .  We can e x t r a p o l a t e  t h e  conc lus ions  
of our t h e o r e t i c a l  a n a l y s i s  and we can t h e r e f o r e  s a y  t h a t  i n  ceramic f u e l  
r e a c t o r s  t h e  e f f e c t i v e  temperature of t h e  f u e l ,  T e f f '  f o r  a given f l u x  
distribution, depends mainly oh 6 ahd P. The dependence on 6 is linear 
while that 6h P becomeß linear as we move from the low temperature to 
the high tem$erature region (not beyond 2000~~). Any other effect on 
Tef f dependirig an the change of the temperature distribution (with 
fluk distribution unchanged) is a second order effect which can be 
neglected. It is therefore: 
The first practical observation is that, also if we are unable to 
measure T 
eff' we can control its constancy by controlling the con- 
stancy of and P. 
In the most general cases, we can write: 
where : 
akf r = (-) = fuel coefficient referred to reac- (47) 
fr aer ~=const. - tor coolant temperature rise, O=const. 
= fuel coefficient referred to average (48) 
P =const. coolant temperature 
akf r = n~(-)- = fuel power coefficient Pf (49) JP Q =conct. 
It is also: 
By comparing (46) and (50) we get: 
and 
P 
Pf Q = const. I 
In the two particular cases: 
(a) no power production in the reactor (P = o) 
(b) AfRf constant 
~ d e  get from eqs. (52) arid (53) 
and 
For a finite interval, we have: 
where : 
and 
Appendix 3 
Determination of t h e  c a l i b r a t i o n  e r r o r  
The neutron f l u x  d e t e c t o r s  w i l l  be c a l i b r a t e d  by means of  t h e  we l l  known 
c a l o r i m e t r i c  method. The power P is  g iven  by: 
P = cp (Bo - Qi) 
where : 
C = s p e c i f i c  hea t  c apac i t y  of t h e  coo lan t  
= primary coo lan t  f low 
Q0 = o u t l e t  coo l an t  temperature  
'i = i n l e t  coo lan t  temperature  
The neutron f l u x  d e t e c t o r  produces a c u r r e n t ,  I ,  p ropo r t i ona l  t o  P. 
It is: 
where K is  t h e  c a l i b r a t i o n  cons t an t  which must be determined, 
From eqs. (1 )  and (21,  we g e t :  
C r  'Qo - Qi) 
K = 
I 
6~ The probable c a l i b r a t i o n  e r r o r ,  \ , w i l l  be: 
dc 
where i s  a systernatic e r r o r .  
Brom t h e  po in t  of view of t h e  accuracy i t  is  convenient  t o  c a r r y  out  
t h e  c a l i b r a t i o n  wi th  t h e  maximum va lue  of 8 -8 t h a t  is a t  f u l l  power. 
o  i' 
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I is: 
(Q o - eil = 67Oc 
max 
Assuming : 
we g e t :  
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